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Abstract 

Chronic skin wounds are a pressing concern in aging societies, suffering from high 

prevalences of metabolic disorders and reduced mobility. The perpetuated chronic inflammation 

associated with these wounds leads to extended healing periods and complex clinical 

treatments. By mitigating inflammation and supporting regeneration, faster healing with less 

scarring becomes possible. 

In this thesis, various techniques for surface modification, preparation of free-standing films, and 

composites are investigated with the common goal of modulating the inflammatory response and 

promoting wound healing. To explore the anti-inflammatory potential and pathway of action of 

glycosaminoglycans (GAGs) acting on macrophages, hyaluronic acid (HA) and heparin (Hep), 

were immobilized either covalently as a monolayer or adsorptively as multilayers using the layer-

by-layer (LbL) technique on model materials. In addition, to the physical characterization, 

confirming the successful immobilization, the successful uptake of the GAGs, a reduction in pro-

inflammatory cytokine release, and the signal transduction of the nuclear transcription factor-κB 

(NF-κB), a central player in inflammatory modulation of macrophages, was measured. The results 

revealed that Hep and HA inhibit the activation and translocation of the p65 subunit of NF-κB into 

the nucleus, modulating the inflammatory response of macrophages. Building upon these 

findings, novel LbL based biomaterials were developed, to push the existing boundaries of LbL 

assemblies. These include a multilayer free-standing film (FSF) composed of chitosan/alginate 

(CHI/ALG) with incorporated fibroblast growth factor 2 (FGF2) and a composite consisting of 

electrospun nanofibers combined with a CHI/HA/ALG FSF. Characterizations demonstrated that 

these FSFs possess ideal swelling properties for wound exudate uptake, excellent oxygen 

permeability, and robust anti-bacterial effects. To further enhance their stability against 

degradation and to tune the FGF2 release, two crosslinking methods, 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysuccinimide (NHS) and genipin, were 

compared to non-crosslinked FSFs. In vitro tests indicated their ability to boost cell growth and 

fibroblast migration, which supports granulation tissue formation and accelerated wound 

closure. However, in vivo studies in mice revealed the limited stability of non-crosslinked FSF and 

a slight pro-inflammatory reaction against EDC/NHS crosslinked FSF. Genipin crosslinked FSF, 

on the other hand, demonstrate high biocompatibility and remarkable regenerative effects. Given 

that CHI/ALG FSF alone do not promote direct cell adhesion due to their low stiffness and high 

hydrophilicity, a novel spray coating method was developed, to modify the cell contact layer with 

an electrospun gelatin fleece in a final study. The resulting composite retains the nano-

topography of the fleece side as confirmed by various topography and structural analyses. The 
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bioactive properties of HA/ALG and CHI in connection with the electrospun scaffold greatly 

improves cell adhesion and growth of fibroblasts in vitro while it reduces the release of pro-

inflammatory cytokines in macrophages. Moreover, genipin was tested as a post-crosslinking 

technique, further enhancing the composite's stability and bioactive properties without changes 

in its anti-inflammatory potential. 

In conclusion this thesis underscores the high potential of free-standing LbL based wound 

dressings. The anti-inflammatory properties of GAGs, when combined with the modularity of LbL 

assemblies, allowing controlled growth factor delivery, antibacterial properties, and the 

introduction of nanostructures, hold the promise of significantly improving human health. 
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Zusammenfassung 

Chronische Wunden sind ein drängendes Problem in modernen alternden Gesellschaften, 

die unter einer hohen Prävalenz von Stoffwechselstörungen und eingeschränkter Mobilität 

leiden. Die anhaltende chronische Entzündung, die mit diesen Wunden einhergeht, führt zu 

langen Heilungszeiten und komplexen klinischen Behandlungen. Durch die Eindämmung der 

Entzündung und die Unterstützung der Regeneration wird eine schnellere Heilung mit weniger 

Narbenbildung möglich. 

In dieser Arbeit wurden verschiedene Techniken zur Oberflächenmodifizierung, zur Herstellung 

von freistehenden Filmen und Kompositen mit dem gemeinsamen Ziel untersucht, die 

Wundheilung zu fördern und die Entzündungsreaktion zu modulieren. Zur Untersuchung des 

entzündungshemmenden Potenzials und der Wirkungsweise von Glykosaminoglykanen (GAGs), 

die auf Makrophagen wirken, wurden die GAGs Hyaluronsäure (HA) und Heparin entweder 

kovalent als Monoschicht oder adsorptiv als Multischicht mit der Layer-by-Layer-Technik (LbL) 

auf Modellmaterialien immobilisiert. Darüber hinaus wurden die physikalische 

Charakterisierung, die die erfolgreiche Immobilisierung bestätigt, die Aufnahme der GAGs, die 

Freisetzung proinflammatorischer Zytokine und die Signaltransduktion des nuklearen 

Transkriptionsfaktors-κB (NF-κB), eines zentralen Akteurs bei der entzündlichen Modulation von 

Makrophagen, gemessen. Die Ergebnisse zeigten, dass Heparin und Hyaluronsäure die 

Aktivierung und Verlagerung der p65-Untereinheit von NF-κB in den Zellkern hemmen. Aufbauend 

auf diesen Erkenntnissen wurden neuartige Biomaterialien auf LbL-Basis entwickelt. Dazu 

gehören ein freistehender Mehrschichtfilm (FSF) aus Chitosan/Alginat (CHI/ALG) mit 

Fibroblasten-Wachstumsfaktor 2 (FGF2) als mitogenen Wachstumsfaktor und ein Komposit aus 

elektrogesponnenen Nanofasern in Kombination mit einem CHI/HA/ALG-FSF, welche die 

Möglichkeiten der LbL-technik ausreizen. Charakterisierungen zeigten, dass diese FSFs ideale 

Quelleigenschaften für die Aufnahme von Wundexsudat, eine ausgezeichnete 

Sauerstoffdurchlässigkeit und eine robuste antibakterielle Wirkung besitzen. Um ihre Stabilität 

gegenüber dem Abbau weiter zu erhöhen und die FGF2-Freisetzung zu steuern, wurden zwei 

Vernetzungsmethoden, 1-Ethyl-3-(3-Dimethylaminopropyl)carbodiimide (EDC)/ N-

Hydroxysuccinimide (NHS) und Genipin, mit nicht vernetzten FSF verglichen. In vitro-Tests 

zeigten, dass sie das Zellwachstum und die Fibroblastenmigration fördern, die Bildung von 

Granulationsgewebe unterstützen und den Wundverschluss beschleunigen können. In vivo-

Studien an Mäusen zeigten jedoch die begrenzte Stabilität von unvernetztem FSF und eine leichte 

entzündungsfördernde Reaktion von EDC/NHS-vernetztem FSF. Die mit Genipin vernetzten FSF 

zeigten dagegen eine hohe Biokompatibilität und bemerkenswerte regenerative Wirkungen. Da 
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CHI/ALG-FSF allein aufgrund ihrer geringen Steifigkeit und hohen Hydrophilie keine direkte 

Zelladhäsion fördern, wurde eine neuartige Sprühbeschichtungsmethode entwickelt, um die 

Zellkontaktschicht mit einem elektrogesponnenen Gelatinevlies zu modifizieren. Das 

resultierende Komposit behielt die Nanotopographie der Vliesseite bei, was durch verschiedene 

Topographie- und Strukturanalysen bestätigt wurde. Die bioaktiven Eigenschaften von HA/ALG 

und CHI in Verbindung mit dem elektrogesponnenen Scaffold verbessern die Zelladhäsion und 

das Wachstum von Fibroblasten in vitro erheblich, während die Freisetzung von 

proinflammatorischen Zytokinen in Makrophagen reduziert wurde. Darüber hinaus wurde 

Genipin als Nachvernetzungstechnik getestet, wodurch sich die Stabilität und die bioaktiven 

Eigenschaften des Komposits weiter verbesserten, ohne dass sich sein entzündungshemmendes 

Potenzial veränderte.  

Zusammenfassend unterstreicht diese Arbeit das große Potenzial von freistehenden LbL-

basierten Wundauflagen. Die entzündungshemmenden Eigenschaften von GAGs in Kombination 

mit der Anpassungsfähigkeit von schichtweise aufgebauten Verbänden für die kontrollierte 

Abgabe von Wachstumsfaktoren, antibakteriellen Eigenschaften und der Einführung von 

Nanostrukturen versprechen eine deutliche Verbesserung der menschlichen Gesundheit. 
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Preamble 

The scope of this thesis is the development and analysis of anti-inflammatory and wound 

healing biomaterials. To explore this topic in greater depth the introduction (chapter 1) will focus 

on the common points between all publications; skin wound healing and inflammation, the 

biopolymers used in the studies, as well as the LbL technique. The following two chapters 

(chapter 2 and 3) will provide an insight into the anti-inflammatory effects of GAGs such as HA 

and Hep applied as surface coatings either based on self-assembling monolayers (SAMs) or LbL 

technique. Afterwards, the use of free-standing multilayer films based on CHI and ALG and 

loaded with FGF2 as wound dressings are tested for biocompatibility in vitro and in vivo, their 

ability to facilitate wound closure and to exert antibacterial properties (chapter 4). Finally, in 

chapter 5 a combination of an electrospun fleece and a free-standing film with (HA/ALG)/CHI is 

presented as a novel composite and its capabilities to modulate inflammation and facilitate 

wound regeneration assayed.
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Chapter 1 - Introduction 

1.1 Skin Wounds – the Clinical Setting 

Wound-related issues have become a growing burden on both healthcare systems and 

individuals (1). The aging population in Germany and other parts of the world is associated with a 

significant increase in higher rates of hospitalization, posing a growing challenge for health care. 

In nursing homes in Germany about 7.8 % of all residents have chronic wounds (2). Chronic 

wounds are also gaining importance due to secondary factors such as metabolic disorders (e.g. 

diabetes) and reduced mobility causing pressure ulcers (3). These factors have a significant 

impact on the inflammatory processes in wounds, causing them to deviate from the physiological 

and controlled healing pathway and leading to chronic conditions. As a result, the urgency and 

significance of wound treatment research has significantly grown in recent years. Great progress 

has been made in the management of wounds (4). However, in the current German treatment 

guide for chronic wounds “S3-Leitlinie Lokaltherapie chronischer Wunden bei Patienten mit den 

Risiken periphere arterielle Verschlusskrankheit, Diabetes mellitus, chronisch venöse 

Insuffizienz” (5) there is no mentioning of active wound dressings except for anti-bacterial silver, 

iodine and polyhexanide soaked gauzes as well as HA and collagen based wound dressings. Skin 

grafting or the use of growth factors, except the (in the EU) discontinued and not available 

platelet-derived growth factor (PDGF)-based Regranex® gel, is not represented. Nonetheless, it 

becomes evident that innovation in the use of modern wound dressing stalled and there is a 

mismatch between the developments in regenerative medicine and the adopted and available 

treatment options in practice. This illuminates the need for innovative and easy to produce 

multifunctional biomaterials that form the basis of new treatment options. 

Physiology of Skin Wound Healing 

A wound is defined as the disruption or impairment of the biological integrity of the skin. 

Wounds can arise from various sources, such as trauma, injuries (e.g. burns or accidents), 

surgical procedures, aging, and secondary complications associated with different conditions 

like diabetes mellitus (6). Numerous local and systemic factors influence wound healing. Local 

factors directly affect wound properties, including oxygen supply, infections, and foreign bodies 

(4). Systemic factors encompass an individual's overall health status, influencing wound healing 

capacity. These factors range from age, stress, obesity, alcohol consumption, smoking, and 

immune-compromised conditions to diseases like diabetes and fibrosis (7). Superficial, small, 

and clean wounds typically experience a brief hemostatic and inflammatory phase, blood clot 
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formation is limited to sealing the wound and clearing minor cell debris (8). Partial thickness 

wounds that involve the epidermis and partially the dermis generally heal through primary 

intention, resulting in the restoration of intact skin appendages including hair, nails, and 

sebaceous and sweat glands (9). In contrast, full-thickness wounds encompass complete 

destruction of both the epidermis and dermis, along with deeper structures necessitate a longer 

healing period due to extended hemostasis and removal of cell debris and necrotic tissue (10). 

Tissue repair in such cases begins with the formation of granulation tissue, which fills the defect 

before epithelial coverage can occur. This form of wound healing is termed healing by secondary 

intention (8). Differences are illustrated in Fehler! Verweisquelle konnte nicht gefunden 

werden..  

 

Figure 2 - Primary wound healing; a minimal tissue defect with smooth, closely spaced wound edges, and a well 
perfused wound area are the prerequisites for primary wound healing. Examples include surgically placed wounds and 
some lacerations and cuts. They can be closed with sutures, staples or suture strips. The wound edges grow firmly 
together within eight days. Secondary wound healing: The processes of secondary wound healing are more complex, 
more prone to failure and take longer. The tissue defect is gradually filled with granulation tissue, which is then 
remodeled into scar tissue. Based on (11)  

Depending on the duration required for healing, wounds are categorized into acute wounds 

(which typically heal within 8-12 weeks) and chronic wounds (requiring more than 12 weeks for 

healing) (4). Acute wounds heal by a well-coordinated process of hemostasis (coagulation), 

inflammation, proliferation, and remodeling that sequentially restores the damaged skin's 

integrity (8) 

Hemostasis 

Hemostasis serves as the initial phase of wound healing. This process unfolds in three 

pivotal steps: vasoconstriction, primary hemostasis, and secondary hemostasis (10). After injury, 

blood vessels promptly undergo constriction to reduce bleeding from the microvasculature. This 

constriction is orchestrated through the automatic tightening of vascular smooth muscle, 

prompted by vasoconstrictors like endothelin (8). Moreover, vasoconstriction is stimulated by 
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circulating catecholamines and prostaglandins, released by injured cells (10). Following the brief 

5- to 10-minute period of vasoconstriction, blood vessels undergo dilation. Through ruptured 

vessels thrombocytes (platelets) populate the provisional matrix. In Figure 3 the distribution of 

cell populations over time is shown. In the primary hemostasis, exposed collagen and von 

Willebrand factor starts the clotting cascades (12). Secondary hemostasis refers to the activation 

of the coagulation cascade, in which soluble fibrinogen converts to insoluble strands that 

constitute the fibrin mesh. Platelet degranulation leads to formation of a blood clot that fills the 

wound cavity, doubling as a provisional fibrin matrix, which functions as a scaffold for the 

migration of diverse cells (10). Furthermore, an array of cytokines and growth factors are released 

into the wound milieu by platelets. These attract inflammatory cells (neutrophils and monocytes) 

and fibroblasts to the wound area. The complex signal interplay for hemostasis are systematically 

summarized elsewhere in more detail; Versteeg es al. (13). 

Inflammation Phase 

The inflammation phase, which overlaps with the hemostasis phase, sets the stage for 

subsequent repair processes. In this phase pathogens should be eliminated, and tissue repair 

initiated. This phase is characterized by the rapid migration of immune cells into the wound area, 

where they collaborate to remove debris, fight infections, and create an environment favorable to 

subsequent healing stages (6) It is characterized by a complex interplay of cytokines, 

chemokines, and growth factors, which collectively shape the milieu at the wound site (10). This 

wound milieu consisting of various proteinases, pH gradients, and pO2 gradients which all have 

a major impact on cellular functions of macrophages, fibroblasts, and keratinocytes (6). As the 

injury occurs, danger signals emerge, arising from both the damaged tissues themselves and 

potential invading pathogens. These signals encompass damage-associated molecular patterns 

(DAMPs) released by stressed or necrotic cells and pathogen-associated molecular patterns 

(PAMPs) specific to foreign invaders. DAMPs are molecules from the host like shock proteins and 

free DNA or RNA while PAMPs are components of bacteria, fungi, or damaged epithelial cells (14). 

Wound healing in the initial stages is driven by tissue-resident macrophages and neutrophils as 

key players which possess receptors for DAMPs and PAMPs (10, 15). Neutrophils are attracted by 

these breakdown products and travel to the wound site. Endothelial cells express adhesion 

molecules, including intercellular adhesion molecule 1 (ICAM1), vascular cell adhesion molecule 

1 (VCAM1), and e-selectin (SELE) which mediate the adherence of neutrophils to the wall of blood 

vessels (12). The neutrophils bind to endothelial cells and alter their cytoskeletal structure that 

initiate their extravasation from the bloodstream (16). Upon leaving the blood vessels, 

neutrophils react to a chemokine gradient within the skin, inducing their migration towards areas 
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of higher chemokine concentration: specifically, the wound site where these signaling molecules 

are released (6). In the absence of infection, neutrophils usually remain at the wound site for a 

duration of 2 to 5 days (17). During that time neutrophils engage in phagocytosis, engulfing 

pathogens, and cellular debris, while also releasing a spectrum of antimicrobial substances, 

such as cationic peptides and proteinases as well as tumor necrosis factor (TNF)-α, interleukin 

(IL)-1β, and IL-6 as pro-inflammatory stimuli (14). Beyond the innate immune arm, the adaptive 

immune system, predominantly represented by B and T lymphocytes, also assumes a role in the 

healing process. Regulatory T cells can regulate tissue inflammation via the attenuation of the 

interferon-γ (IFN- γ) production and the accumulation of pro-inflammatory macrophages (15). 

This role of the adaptive immune system is covered in detail in: Rodrigues et al. (10). 

 

Figure 3 - The individual duration of healing phases is found in the bars at the bottom of the graphic. The cell number is 
represented in the diagram. After the peak of platelets during hemostasis, neutrophil accumulation in the wound 
increases during the initial inflammatory phase and starts declining 4 days later until the end of the week. Macrophages 
are the most abundant cell in all phases of wound repair. Their number increases during the inflammation phase and 
reach maximum during the proliferation phase and decline progressively during the remodeling phase. Lymphocytes 
start increasing their number after injury and reach a plateau at day 4 that continues to be present until the last phase. 
Based on (15) 

Approximately 2 days post-injury, monocyte numbers increase, recruited by platelet and mast 

cell degranulation (10). Circulating human monocytes are derived from a monocyte-dendritic 

progenitor (MDP) in the bone marrow which generates both monocytes and a dendritic cell 

precursor (CDP) (15). Stimulated by neutrophils and T-reg cells, these monocytes mature into 

macrophages. Macrophages show great plasticity, which is reflected in the M1/M2 dichotomy 

(18). For example, macrophages can recognize PAMPs and DAMPs through their pattern 
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recognition receptors (PRRs). Additionally, IL-1β, IFNγ and TNF-α by neutrophils and T cells 

stimulate macrophages to adopt an inflammatory phenotype (M1) (18). M1 macrophages are 

associated with phagocytosis and scavenging pathogens, along with producing pro-inflammatory 

mediators. After a while, M1 macrophages can undergo a transition into the M2 subset, which 

demonstrates a reparative macrophage phenotype. M2 macrophages play a role in generating 

anti-inflammatory mediators, promoting the constructing of extracellular matrix (ECM), initiating 

fibroblast growth, and promoting angiogenesis (19). Additionally, they terminate the 

inflammation phase by phagocytosis of neutrophils and cell debris, removing pro-inflammatory 

stimuli from the wound. Failure to undergo the M1-M2 transition can lead to the development of 

non-healing or chronic wounds (19). The impact of macrophages on the healing process is 

substantial, as they are responsible for shifting the phase from inflammation to proliferation. 

Therefore, this process will be explored in detail in a dedicated section (subchapter 

Macrophages, p.24). 

Proliferation: Neoangiogenesis, Granulation Tissue Formation and Epithelization 

The proliferative phase includes neoangiogenesis, granulation tissue formation and re-

epithelialization (15). During the proliferative phase, nutrients and oxygen are limiting factors due 

to the high metabolic activities of the regenerative processes. Therefore, neoangiogenesis is 

essential for proper wound healing. The reduced blood supply coupled with the increased 

metabolism of cells working to repair injury leads to hypoxia, a key stimulus to angiogenesis (8). 

Hypoxic conditions stimulate the synthesis of hypoxia-induced factor-1 (HIF-1) in macrophages, 

fibroblasts, vascular endothelial cells and keratinocytes. The release of proangiogenic factors 

such as vascular endothelial growth factor (VEGF), FGF2, PDGF, transforming growth factor-β1 

(TGF-β1) and the metabolic switch of endothelial cells induce neovascularization (15). Soon after, 

activated by VEGF, lymph angiogenesis starts by lymphatic endothelial cell (20). In full thickness 

wounds the exposed connective tissues requires granulation tissue formation for epithelial 

migration to take place (21). Granulation tissue consists of fibroblasts, granulocytes, 

macrophages, blood vessels, in complex with type I collagen bundles and ECM components, 

which partially recovers the structure of the skin tissue (16). During the proliferative phase, the 

anti-inflammatory phenotype (M2) of macrophages becomes the dominant cell population and 

orchestrates the interaction with endothelial cells, fibroblasts, keratinocytes, ECM and 

peripheral nerves (10). Additionally, wound-healing macrophages are involved in collagen 

production as up-regulated arginase activity in this subtype allows for the conversion of arginine 

to ornithine, which is an essential precursor in collagen production (15). Fibroblasts have a key 

role in creating granulation tissue. They migrate into the wound mainly from the nearby dermis in 
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response to cytokines such as PDGF, TGF-β and FGF2 produced by platelets and macrophages 

in the wound (12). If the wound takes a long time to heal, the fibroblasts in the wound may also 

come from fibrocytes. These are mesenchymal precursor cells that either reside in vessels and 

glands or travel through the blood stream from the bone marrow (22). Fibrocytes move to areas 

of skin damage and help the healing process by becoming a type of fibroblast in the wound (12). 

Fibrocytes also secrete cytokines, chemokines, and growth factors, as well as improve 

angiogenesis and present antigens. Once fibroblast migrate into the wound provisional wound 

matrix they generate proteinases, such as matrix metalloproteinases (MMPs), which break down 

the provisional fibrin matrix. They also deposit collagen and other ECM components, such as 

proteoglycans and HA (21). 

Cutaneous wounds need to undergo closure, while rodents primarily heal through contraction, in 

humans, reepithelialization contributes to about 80 % of wound closure (8). The mode of 

reepithelization in humans depends on numerous factors such as wound location, depth, size 

and microbial contamination. In partial thickness wounds, cells need to cover around 500 μm 

and achieve complete epithelialization typically within 8–10 days (9). The resurfacing of 

epidermal wounds happens by migrating of an epidermal tongue formed by the leading row of 

keratinocytes adjacent to the wound, where activated keratinocytes reorganize their 

cytoskeleton over the fibrin, fibronectin, and vitronectin derived from the blood clot (23). Upon 

reaching the middle of the wound, contact inhibition halts keratinocyte migration, completing 

wound coverage (10). 

Remodeling 

Wound closure and replacement of the original tissue with a collagenous scar is the best 

outcome of secondary wound repair in children and adults. It marks the end of the last wound 

healing phase, e.g., the remodeling phase. Cutaneous scars have no epidermal appendages (hair 

follicles and sebaceous glands) and a densely packed collagen fiber pattern that is distinctly 

different from unwounded skin where a reticular collagen pattern is found (24, 25). These new 

collagen fibers are secreted by fibroblasts which are present as early as 3 days. Activated by 

growth factors like TGF-β, Ectodysplasin A (EDA)-fibronectin and mechanical tension, dermal 

fibroblasts transform into stress fiber-expressing proto-myofibroblasts (21). Myofibroblasts, 

which appear around 4 days post-injury, play a significant role in wound contraction fiber 

deposition. The disordered deposition of these contraction fibers can lead to fibrosis, which is 

manifests itself as hypertrophic scarring (26). Initially scars appear red due to capillary growth, 

which recedes as the scar matures, revealing its true pigmentation as full mature scars usually 

appear hypopigmented, due to the absence of melanocytes (10). With the wound closure the 
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healing is complete after around 12 weeks. However, scar remodeling takes months to years.  

Scarless Healing 

Opposed to the conventional way of skin wound healing following the above-mentioned 

timeline, there also exists the possibility of scarless healing. Fetuses until the second trimenon 

can heal injuries with complete restoration, where the epidermis, dermis with hair follicle and 

sweat glands are restored to a normal architecture and the collagen dermal matrix pattern is 

unchanged from unwounded dermis (8, 24). This might be due to the specific response of fetal 

fibroblasts to the pro-fibrotic mediator TGF-β (27). Meanwhile in adults some cases of excessive 

scarring can be found. These wounds missing "stop" cues which halt the repair process once the 

dermis is closed, and epithelialization completed (8). The exact molecular mechanisms 

responsible for this process remain unknown (27). Overexpression of pro-fibrotic cytokines and 

reduced collagenase activity in the skin tissue have been found in patients (8). There is a 

deficiency in programmed cell death, known as apoptosis, at the end of the healing process with 

the persistent activity of fibroblasts and myofibroblasts that secrete ECM components (8). The 

most common nonsurgical therapy for the treatment of keloids and hypertrophic scars is the 

topical application or intralesional injections of corticosteroids, but with limited benefits and 

downsides like delaying wound closure and (27). The anti-scarring impact of several anti-TGF-β 

treatments were investigated, but was insufficient to prevent scarring (28, 29). Reduction through 

TGF-β alone is unlikely due to the redundancy of action among growth factors (27). Tissue 

mechanics, duration of wound closure and intensity of the inflammatory response have become 

crucial factors in addressing excessive scarring (27). Novel strategies are developed which to 

limit inflammation, the use of scaffolds to allow migration and the supplementation of mitogenic 

growth factors like FGF2 (30–32). Another option might be the inhibition of post-translational 

modification of collagen (33). 

Chronic Wounds - Key Players and Deficiencies 

Chronic wounds in comparison to normal healing wounds fail to resolve the inflammation 

phase and are clinically defined as wounds, not healed beyond 12 weeks (8). Chronic wounds, 

such as non-healing ulcers, exhibit a disruption in the epidermal stem cell niche due to ongoing 

inflammation resulting from infection, hypoxia, ischemia, and excessive exudates, limiting the 

cell pool as a result (10). As shown in Figure 4, compared to the trajectory physiological wound 

healing the resolution of chronic wounds is nonlinear and complex, potentially involving varying 

metabolic states in different wound areas (7). 
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Figure 4 - Wound healing processes in acute and chronic wounds. In acute wounds the individual phases of normal 
healing are follow a linear sequence, while chronic wounds (right) are characterized by a process in which the distinct 
phases occur randomly and without a defined time frame. Additionally, parts of chronic wounds can be at different 
phases of healing. Surgical debridement tries to synchronize the different areas of the chronic wound's bed for a more 
unified therapeutic approach. Based on: (7) 

The inflammation phase is considered to be a critical period for clearing bacteria and providing a 

favorable environment for regeneration of the tissue (7). Disturbances in the immune response 

during wound healing, such as an increase in necrotic tissue, poor perfusion, elevated levels of 

pro-inflammatory cytokines, proteases, and ROS, as well as infections, lead to abnormalities in 

immune cell recruitment, altered proteolytic balance, and impaired blood vessel formation (34). 

As discussed in the chapter before, the resolution of inflammation and the initiation of the 

regenerative phases depends on an intricate interplay of signaling proteins within the wound 

environment (15). To date there is no singular focal point in the signaling cascade or master 

regulator known, which might be the origin of the myriad of dysregulated processes in chronic 

wounds. Nevertheless, several well-established hallmarks of chronic wounds emerge from this 

complex scenario.  

Macrophages assume a vital role in eliminating apoptotic neutrophils and in regulating 

inflammation, depending on their activation state (18). However, in chronic wounds, these 

macrophages have a limited ability to clear apoptotic neutrophils and their switch from the pro-

inflammatory M1 state to the M2 state is disrupted (7). As depicted in Figure 5, M1 macrophages 

are most prevalent in chronic wounds, failing to establish a regenerative wound milieu. Excessive 

neutrophil infiltration is another pivotal factor contributing to chronic inflammation (10). An 

abundance of neutrophils results in the overproduction of ROS, which directly increases ECM 

degradation (34). This further impairs cell migration, reduces fibroblast proliferation, and hinders 
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collagen synthesis. Moreover, ECM degradation products further promote ongoing inflammation, 

perpetuating a self-sustaining process. MMPs are another factor that can delay wound healing 

(35). Both neutrophils and activated macrophages produce pro-inflammatory cytokines such as 

IL-1β and TNF-α, which not only increase MMP production, but also reduce the amounts of tissue 

inhibitors of MMPs (TIMPs) (35). In normal wound healing MMPs are required in lesser amounts to 

stimulate the proliferation of keratinocytes (23). However, their dysregulation leads to impaired 

epithelialization and is strongly associated with hard-to-heal wounds. Beside the activity of 

neutrophils and macrophages, T cell activity, the ratios of CD4 and CD8 T cells, was identified to 

differ from normal healing wounds (10). However, depletion of CD4 and CD8 T cells in mice does 

not appear to affect wound closure rates (36). 

 

Figure 5 - Following the inflammation phase, normal healing wounds undergo a transition into the proliferative phase 
of wound healing. A key feature of this phase is the shift of immune cells towards anti-inflammatory and proliferative 
responses, facilitating tissue repair (bottom right). In contrast, chronic wounds exhibit an inability to overcome local 
inflammatory responses. This leads to a stagnant and irregular inflammation phase, preventing the progression toward 
tissue repair (bottom left). Based on (7) 

In addition to immune disturbances, wound infections are another prominent factor contributing 

to chronic inflammation (4). If the infection is not adequately controlled in a timely manner, it can 

result in the formation of a biofilm. The formation of a biofilm leads to the secretion of an 

exopolysaccharide matrix, which acts as a protective shield for bacteria against antibiotic 

treatment and the host's immune response (34). Consequently, the presence of bacteria and 

endotoxins triggers an abnormal increase in pro-inflammatory factors, further perpetuating the 

state of inflammation (12). Another factor in chronic wounds is inadequate tissue oxygenation. 
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Oxygen is a crucial element in the wound healing process, playing a role in protecting wounds 

from infection, improving the proliferation and migration of fibroblasts, inducing angiogenesis, 

enhancing the differentiation of keratinocytes, promoting re-epithelialization, increasing collagen 

synthesis, and facilitating wound contraction (34). When all these factors come together, they 

contribute to the persistence of inflammation, tissue destruction, and the ineffective removal of 

pathogenic bacteria. 

Growth Factors - Deficiencies in Chronic Wounds 

Growth factors in wound healing have received significant attention as important promoters 

of the repair process (37, 6, 38). Beside GFs a number of other signaling molecules have been 

identified und utilized as targets for wound healing modulation; CXC-chemokines and CC-

chemokines (e.g. MCP-1) (39), matrix metalloproteinases (35) , interleukins (e.g. IL-4, IL-1β) (40), 

interferons (e.g. IFNγ) (41), the TNF family (e.g. TNF-α) (42), keratins (43), and LL-37 as only 

catheclidin (44). To describe the high number of different signal molecules, their intricate 

interplay, and dependencies during the wound healing processes would go beyond the scope of 

this thesis. Refer to this review: Schreml et al. (6). 

GFs are polypeptides that are released by a variety of activated cells at the wound site (16). Figure 

6 provides an overview of GFs and their target cell types.  

 

Figure 6 - Major GFs involved in wound healing and their targeted cell types. Based on (45) 

In chronic wounds, there is a notable decline in the levels of key growth factors, including 

epidermal growth factor (EGF), FGFs, TGF-β, PDGF, and VEGF. (37). PDGF attracts neutrophils, 

macrophages, and fibroblasts to the wound site. It promotes cell proliferation, migration, and the 

production of ECM components of fibroblasts and smooth muscle cells, thereby contributing 
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significantly to tissue repair but also scar formation (12). PDGF also plays a critical role in 

angiogenesis, stimulating endothelial cell migration and the formation of new blood vessels, 

increasing nutrient and oxygen delivery to the wound site (15). EGF is influencing predominantly 

epidermal cells, particularly keratinocytes. EGF stimulates keratinocyte proliferation, migration, 

and differentiation, facilitating the process of re-epithelialization, which is fundamental for 

wound closure (9). Additionally, EGF promotes angiogenesis by inducing endothelial cell 

proliferation (16). The FGF family, which includes various isoforms such as FGF2 (basic FGF) and 

FGF7 (keratinocyte growth factor), plays a critical role in activating fibroblasts. FGFs are 

instrumental in collagen synthesis, ECM remodeling. Notably, FGFs are also promoting 

angiogenesis by attracting endothelial cells to the wound site (15). TGF-β1, with its distinct 

isoforms, including TGF-β1, TGF-β2, and TGF-β3b predominates in adult wound healing, 

demonstrating its pro-migratory and pro-fibrotic attributes (21, 8). This growth factor directly 

engages fibroblasts, to synthesize collagen and reducing ECM degradation. TGF-β1 is a versatile 

signaling molecule, originating from various cell types at the wound site, including platelets, 

macrophages, fibroblasts, and keratinocytes. When experimentally applied to wounds with no 

inherent repair deficiency, TGF-β1 accelerates the wound healing process, though this 

acceleration often comes at the expense of heightened fibrosis, which may lead to excessive 

scarring in the context of normal skin healing (8). 

Macrophages  

While GFs are mediators, which stimulate mostly reparative functions, macrophages are a 

focal point of cell signal processes during the inflammation phase. The function of other immune-

modulating cells present in chronic wounds are T cells, mast cells, neutrophils and dendritic cells 

are covered in a review by Rodrigues et al. (10).  

Macrophages are a crucial component of the host innate immune system, exhibiting diverse 

functions essential for tissue homeostasis and defense against foreign invasion (46). These cells 

specialize in phagocytosis, clearing damaged cells and foreign molecules, making them valuable 

scavenger cells during infections and transplantation. They hold a well-established role in the 

intricate process of wound healing, a function that is owed to their plasticity (47). Most 

macrophages originate from differentiated monocytes, a subgroup of the white blood cells. 

Monocytes are derived from precursors in the bone marrow, which circulate through the blood 

vessels. Responding to inflammation signals, like chemokines (e.g. CCR2) and adhesion 

molecules (e.g. ICAMs, integrins), the monocytes transmigrate through capillary walls into the 

appropriate tissue and differentiate to macrophages or dendritic cells (48). Certain tissue-

resident macrophages, such as those in the brain, liver, skin and heart, represent exceptions to 
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this differentiation process (49). Upon infiltration into affected tissues, macrophages actively 

contribute to degradation, tissue regeneration and angiogenesis (50). Beyond their role in the 

innate immune system, macrophages also play a significant part in the adaptive immune 

response. As antigen-presenting cells, they engulf, digest, and present antigens to T helper cells, 

leading to antibody production against the antigen (51). Additionally, macrophages can influence 

the activation states of granulocytes, lymphocytes, fibroblasts, and endothelial cells through 

cytokine release (52).  

In the 1960s, it became clear that macrophages could enter an activated state in which their 

microbicidal activity was enhanced (53). Since then, similar to the T helper cell classification a 

classical (M1 state) and an alternative activated phenotype (M2 state) has been introduced (47). 

However, this separation cannot be described as two distinct subcategories, but is now known 

as a continuum with M1 and M2 as cornerstones (49). Macrophage polarization is orchestrated 

by a variety of stimuli present in the tissue microenvironment, encompassing cytokines, growth 

factors, and PAMPs (52) (Figure 7). Stimuli frequently associated with the M1 phenotype are IFN-

γ, TNF-α, lipopolysaccharides (LPS), and Granulocyte macrophage colony-stimulating factor 

(GM-CSF) (47). M1 macrophages produce pro-inflammatory cytokines and chemokines such as 

IL-1, IL-6, IL-8, IL-12, TNF-α, and macrophage inflammatory protein-1 (MIP-1) through the 

mediation of diverse nuclear transcription factors, including signal transducer and activator of 

transcription (STAT)1, STAT5, and NF-κB (52, 51). These cytokines may intensify inflammation by 

(self-)stimulating macrophages and recruiting leukocytes. Furthermore, upon classical 

activation, macrophages produce elevated levels of inducible nitric oxide synthase (iNOS) and 

reactive oxygen species (ROS) and increase their capacity to eliminate microbes through the 

creation of cytotoxic nitric oxide (NO) (51). However, this heightened oxidative response can also 

lead to inadvertent damage to the surrounding tissue due to the generation of radicals (54). In 

contrast, the M2 phenotype exhibits a regulatory and wound healing nature, presenting a vital role 

in tissue repair processes (47). Th2-cells, basophiles, and granulocytes are responsible for 

producing IL-4, which serves as the primary stimulus for M2-macrophages (47). Moreover, IL-13, 

IL-10, and GM-CSF have also been identified as significant stimuli for M2-macrophage activation. 

These cytokines exert their influence through nuclear transcription factors, such as STAT6 and 

STAT3, leading to the downregulation of pro-inflammatory cytokines like IL-12 and TNF-α (52). At 

the same time, they up-regulate anti-inflammatory cytokines, including IL-10, as well as various 

growth factors such as VEGF, TGF-β, and PDGF (47). 
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Figure 7 – Transcriptional Regulation of macrophage activation. Adapted from (52) with data from (47) and (55). 

Consequently, this intricate network of regulatory elements acts to attenuate inflammation while 

promoting wound healing through the modulation of fibroblasts (56). During the immune 

responses, all macrophage phenotypes are present, dependent on the phase of the host 

response (18). It is still debated whether the polarized macrophages are recruited to the 

inflammation site, or the macrophages can change their phenotype (49). However, recent 

findings implicate that macrophage keep their functional adaptivity (57). This plasticity of 

macrophages underlines that macrophages, as immunomodulating cells, have an enormous 

impact on the resolution of the inflammation phase (18). This makes them a valuable target for 

anti-inflammatory therapies. 



Chapter 1 - Introduction 

27 

NF-κB Signaling Pathway – Key Signal Transducer of Macrophage Modulation 

The NF-κB pathway is a pivotal orchestrator of many physiological processes, such example 

the development and regulation of the immune system, cell proliferation, and programmed cell 

death (58). Since its discovery in 1986 by Sen & Baltimore it was identified to play a significant 

clinical role in inflammation, autoimmune diseases, atherosclerosis, neurodegeneration and 

cancer (59). During inflammation, the NF-κB pathway regulates the activation, differentiation and 

effector function of inflammatory T cells and macrophages (60). In chronic inflammatory 

diseases, like chronic skin wounds, a deregulated NF-κB activation is typical (60). Therefore, the 

mechanism of NF-κB activation and pro-inflammatory function is of great significance for 

therapeutic strategies in the treatment of chronic inflammation (60). The NF-κB consist of five 

subunits p65/RelA, c-Rel, RelB, p50, and p52. Under normal circumstances, the NF-κB subunits 

are sequestered by the inhibitory IκBs protein family (61). During activation of the NF-κB pathway, 

the inhibitor proteins get degraded via the IκB Kinase (IΚKα, IΚKβ and IKK), leaving NF-κB 

phosphorylated and ready to translocate to the nucleus (60, 62). This makes the NF-κB a rapid 

acting transcription factor, due to the high amount of NF-κB are always available to act. On the 

other hand, the genes controlled by NF-κB are numerous (about 500), making it a part in bigger 

transformation processes of cells (63). After translation of the promoted DNA-sequences NF-κB 

activation gets terminated, by a high number of autoregulatory proteins, which repress NF-κB in 

various ways (64). Among them are also the IκBs, which elevated synthesis rate, blocks the DNA-

binding of NF-κB subunits. Finally, the already bound NF-κB gets degraded by the proteasome 

(64). 

NF-κB gets activated by a diverse range of mediators, such as Toll-like receptors and antigen 

receptors, to cytokine and growth factor receptors, as well as physical, oxidative and genotoxic 

stress as illustrated in Figure 8 (61). The most studied pathways are the TNF-receptor-, the toll-

like receptor (TLR)-, the TCR- and the B cell receptor (BCR)-pathway. These receptors are 

activated by endogenous and exogenous proteins associated with inflammation. The TLR-

receptor, for example, react to PAMPs (65). These PAMPs encompass proteins or structural 

motifs which are distinctive across a broad spectrum of microbes (7). For macrophages, 

induction of the NF-κB pathway, orchestrates a shift towards a pro-inflammatory M1 phenotype. 

PAMPs mediated by TLRs initiate the NF-κB pathway and the subsequent production of pro-

inflammatory M1-associated cytokines, chemokines and growth factors, such as IL-1, IL-6, IL-8, 

TNF-α and GM-CSF (61, 58). 
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Figure 8 - Representative examples of NF-κB stimuli and target genes. Based on (61). 

This stimulates macrophages in a paracrine and autocrine manner. Moreover, the iNOS synthesis 

is stimulated, which increases the microbicidal activity (66). Since the shift and accumulation of 

M1-macrophages during inflammation relates to a poor outcome, the suppression of the NF-κB-

pathway is a valuable target for anti-inflammatory designs. 

1.2 Biopolymers - Building Blocks for Bioactive Surface Coatings and 

Wound Dressings 

Biopolymers and specifically polysaccharides possess high popularity in biomaterial 

design. In particular HA, Chi and ALG are frequently used in wound dressings application, where 

they have been used before, although not in this combination (67–69). Hep is a popular building 

block in surface coatings (70). All are known for their polyionic nature and possess a backbone of 

repeating disaccharide units and changing amounts of amine, carboxyl groups or sulfonate 

groups, making them easily available for chemical modification. At the same time, they allow the 

easy covalent coupling to SAMs, for example by the EDC/NHS crosslinking chemistry. As a result, 

they are useful in layer-by-layer based approaches or covalent binding on self-assembling 

monolayers. Meanwhile gelatin is a protein-based biopolymer frequently used in tissue 

engineering (71). 



Chapter 1 - Introduction 

29 

Hyaluronic Acid 

HA is a non-sulphated GAG found abundantly in animals (72). It has a linear polysaccharide 

structure consisting of repeating disaccharide units of D-glucuronic acid and N-acetyl-D 

glucosamine linked by β(1-4) and β(1-3) glycosidic linkages (73) (Figure 9). 

 

Figure 9  - Skeletal formula of HA. Consisting of D-glucuronic acid and N-acetyl-D-glucosamine linked via alternating 
β-(1→4) and β-(1→3) glycosidic bonds. Modified, used under CC BY 4.0 

It is highly distributed in synovial fluid, vitreous humor, and connective, epithelial, and neural 

tissues of mammals (72). HA is anionic due to the presence of carboxyl groups in its backbone 

structure (pKa of about 3.2 to 3.5) and has a molecular mass of up to 107 kDa (72). HA mainly 

interacts with proteoglycans (PG), such as versican and aggrecan (74). By forming extensive 

networks, these hyaladherins contribute to the structural integrity of tissues, particularly in 

cartilage and skin. Other hyaluronan-binding proteins, also known as hyaladherins, are known to 

be involved in immune homeostasis as signaling receptors include tumor necrosis factor-

inducible gene 6 protein (TSG-6), CD44, TLR-2/4 and RHAMM. Consequently, HA serves as a 

natural biosensor providing insight into tissue integrity (75). Over the past the importance of HA 

became evident in a number of fields; e.g. tumor progression (76), inflammation (75) and wound 

healing (77). In all these fields the dichotomy between low molecular weight (LMW<1000 kDa) 

and high molecular weight HA (HMW) is evident. Under physiological conditions there is a 

balanced turnover of HA production by HA synthases and cellular uptake and degradation by 

hyaluronidases (HYAL1 and 2) in the lysosome (74). In inflamed tissues or tumors, HMW-HA is 

degraded to low molecular weight forms by ROS secreted by neutrophils, hyaluronidases, which 

have been released from microbes or the lysosome of dying cells (75). Cells of the immune 

system, such as leukocytes and macrophages, can detect changes in the molecular weight of HA 

and respond accordingly as shown in Figure 10. 
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Figure 10 - Representation of the pathway of action of different molecular weight HA. HMW-HA shows anti-
inflammatory effects, mediated by the CD44 crosslinking and subsequent attenuating of NF-κB-signaling. LMW-HA 
shows proinflammatory effects since the activation of the TLR-receptors is promoting NF-κB signaling. Based on (78) 

Leukocyte production and proliferation increase, while macrophage polarization shifts in 

response to HA´s molecular weight. As a result, LMW-HA is known to have pro-inflammatory 

characteristics (79). Additionally, LMW-HA has been found to promote angiogenesis and 

lymphangiogenesis, mediated by the lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-

1)-signaling pathway, contributing to the formation of new blood and lymphatic vessels, which 

are crucial for wound healing (80).The pro-inflammatory effects of HA are mediated by the 

activation of TLRs. LMW-HA fragments have been shown to signal via TLR4 and TLR2. TLR4 is also 

known to be activated by PAMPs such as LPS (81). TLR activation leads to increased translocation 

of NF-κB to the nucleus, resulting in the production of proinflammatory cytokines associated with 

proinflammatory macrophages (58). CD44 is another cell surface receptor that is known to be 

activated by HA. It is widely expressed on various cell types and plays a significant role in cell 

adhesion and metastasis. The binding of HA to CD44 receptors affects cell growth, activation, 

survival, differentiation, and immune homeostasis (82). On macrophages the expression of CD44 

is particularly high and it is further induced by pro-inflammatory stimuli such as TNF-α and LPS 

(83). LMW-HA is internalized by CD44 via endocytosis and delivered to lysosomes where both 
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LMW-HA and CD44 are degraded, resulting in a reduction in active CD44 levels (82). Similar to the 

TLR receptors, when the molecular weight of HA exceeds a certain threshold the internalization 

of HA by CD44 is sterically inhibited (82). Instead, HMW-HA can crosslink CD44 (84), which has a 

suppressing effect on the pro-inflammatory TLR signaling pathway (75). The exact underlying 

pathway underlying the suppression of TLR signaling by CD44 remains unclear; Either 

crosslinking of CD44 results in elevated expression of tumor necrosis factor alpha-induced 

protein 3 (A20) and Interleukin-1 Receptor-Associated Kinase (IRAK-M), which are negative 

regulators of TLR signaling or protein kinase B (Akt) in the PI3K/Akt pathway gets inhibited, which 

is downstream of TLR activation (85, 86). However, it has been verified that this suppression 

ultimately leads to a decrease in the production of proinflammatory cytokines and a shift to an 

alternatively activated macrophage state (M2). Another noteworthy anti-inflammatory property of 

HA is its function as an antioxidant. HA has the ability to scavenge oxidative stress, thereby 

potentially preventing cell damage (73).  

Heparin 

Heparin, a sulfated GAG, is composed of alternating saccharide units of N-acetylated or N-

sulfated D-glucosamine, that are α(1-4)- or β(1-4)-linked to uronic acids (L-iduronic or D-

glucuronic acid) as shown in Figure 11 (78) . At physiological pH, both the carboxyl and the sulfate 

groups are ionized, making Hep a highly charged polyanion having typical polyelectrolyte 

behavior (87). 

 

Figure 11 – Skeletal structure of heparin. Heparin consists of variable sulfated repeating disaccharide unit consisting 
of N-acetylated or N-sulfated D-glucosamine, which are α(1-4)- or β(1-4)-linked to uronic acids (L-iduronic or D-
glucuronic acid. (X = -OH or –OSO3-; Y = - Ac or -OSO3-) Modified, used under CC BY 4.0 

Within the ECM, GAGs and PGs function as binding and crosslinking agents, providing 

mechanical stability and forming a dense interlocking network. This network regulates substance 

transport, acts as a reservoir for growth factors and cytokines, and serves as an anchor point for 

adhesive proteins, thereby influencing cell proliferation, adhesion, migration, regulation, and 

differentiation (88). Hep and its derivates are widely used for their anticoagulant properties in 
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medical application. Its effect on cancer, neurodegenerative diseases, respiratory diseases and 

as an anti-microbicidal agent is under investigation (89). It is primarily synthesized in connective-

tissue mast cells and basophil granulocytes. Once synthesized, it is annealed to a core protein 

(serglycin). The resulting Hep chains are subsequently cleaved, forming Hep macromolecules 

with a size range of 5 to 25kDa, which are stored in mast cell granules. Upon contact with 

antigens, mediated by surface bound immunoglobulin E (IgE) antibodies, Hep is released from 

mast cells and regulates various cellular activities, such as binding to histamine and modulating 

proteases within the granules (90). Hep in the bloodstream acts as an anti-coagulant, impeding 

blood clotting by binding to antithrombin III (ATIII) and enhancing ATIII's affinity for thrombin, 

factor Xa, and other proteases, ultimately inhibiting their enzymatic activity (90). With its capacity 

to bind numerous chemokines, cytokines, and complement factors, it effectively prevents their 

pro-inflammatory interactions with receptors (91). Additionally, Hep exhibits anti-inflammatory 

properties by influencing selectin-mediated neutrophil adhesion, a crucial interaction between 

endothelial cells and neutrophils that serves as an immune system integrity signal (92). By binding 

to L- and P-selectin, Hep effectively masks activated endothelial cells, leading to reduced 

leukocyte activation and infiltration, thus mitigating inflammation (91). Another anti-

inflammatory effect is the inhibition of NF-κB. Hep treated cells show decreased levels of NF-κB 

mediated pro-inflammatory cytokines, especially after stimulation with LPS (93). Hep molecules 

are taken up by endocytosis. Inside the cell Hep can bind to numerous proteins, due to its high 

negative charge. The NF-κB complex is positively charged, therefore it is assumed that Hep 

prevents NF-κB translocation (92, 93). However, recent studies propose a direct interaction of 

Hep and NF-κB in the nucleus, by blocking the ability of NF-κB to bind to the DNA (94). 

Subsequently, inhibiting the translation of the NF-κB mediated pro-inflammatory cytokines. This 

hypothesis is supported by the discovery of the role of the structurally similar heparansulfate in 

the nucleus, as shuttling molecules for growth factors and cytokines, as an inhibitor of 

topoisomerase-I activity and its inhibition of binding oligo-DNA to transcription factors, like 

activator protein 1 (AP1), protein C-ets-1 (Ets1), Sp1 transcription factor (Sp1), transcription 

factor II D (TFIID) and NF-κB (95). 

Chitosan 

Chitosan, derived from chitin via partial deacetylation under alkaline conditions, consists 

of β-(1–4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated 

unit) (Figure 12) (96). Chitin, a structural polysaccharide, ranks as the second most prevalent 

natural polymer after cellulose. It mainly originates from arthropod exoskeletons like shrimps and 

crabs, but fungal cell walls also contain it and are the main commercial source of chitin (96). The 
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chemical and properties depend on the deacetylation degree of CHI which ranges typically 

between 50 % to 95 %. Additionally, different molecular weights are available ranging from 100 

kDa to 1000 kDa affecting the viscosity of CHI (97). The glucosamine residue's amino group in CHI 

protonates under acidic conditions (pH < 6.5), forming a polycationic structure (98). 

 

Figure 12 -Skeletal structure of the chitosan repeating unit; β-(1→4)-linked D-glucosamine (deacetylated unit) and N-
acetyl-D-glucosamine (acetylated unit). Used under CC BY 4.0 

Shared structural traits between CHI and glycosaminoglycans, including N-acetyl-D-

glucosamine, facilitate specific interactions with receptors, growth factors, and adhesion 

molecules, resulting in bioactive capabilities. Chitosan is biocompatible, biodegradable, and has 

anti-microbial activity, making it popular in wound healing research (99–101, 97). It acts as a 

hemostat, promoting blood clotting (102, 97). Research also suggests CHI's role in activating 

fibroblasts during the inflammatory phase of wound healing. The gradual release of N-acetyl-D-

glucosamine, resulting from CHI's slow depolymerization, initiates fibroblast proliferation (103). 

Alginate 

Alginate is a linear acidic polysaccharide which can be extracted from brown seaweeds and 

several bacterial strains (104). Since alginic acid is insoluble in water, monovalent salts with 

sodium are common. Comprised of β-(1–4)-linked D-mannuronate (M) and α-(1–4)-linked L-

guluronate (G) uronate sugars, ALG features M, G, and MG blocks, forming a characteristic 

arrangement as depicted in Figure 13 (105). 

 

Figure 13- Skeletal structure of alginate; (1→4)-linked β-D-mannuronate (M) and α-L-guluronate (G). Used under CC BY 
4.0 
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The arrangement of these blocks varies from their source and influence viscosity and swelling 

ability (104). ALG is a popular raw material for hydrogel-based biomaterials, due to its gelation 

properties. Most common is the gelation of ALG by divalent cations, particularly calcium, which 

create ionic crosslinks by binding to adjacent guluronate residues, adopting an "egg-box" pattern 

(104). Due to its biocompatibility, biodegradability, non-toxicity, cost-effectiveness, and 

widespread availability, ALG is used in diverse wound healing applications (67, 68, 106). ALG 

hydrogels enable sustained of heparin binding growth factors like FGF2 and VEGF due to a 

reversible binding with ALG (105). Possessing anionic polyelectrolyte properties at pH 4 ALG has 

been explored in combination with CHI as drug carrier or membrane (100, 104). ALG-based 

wound dressings rely on the establishment of a moist wound environment (67). Additionally, ALG 

possess hemostatic properties (107). However, ALGs high in mannuronic acid (M-blocks) have 

been found to have stimulating potential on in vitro monocytes to produce pro-inflammatory 

cytokines (108).  

Gelatin 

Gelatin, a naturally occurring biopolymer derived from collagen, is the result of partial acid 

hydrolysis (known as gelatin type A) or alkaline hydrolysis (gelatin type B) of native collagen, which 

can be derived from animal collagen found in the hides, cartilage, bones, and tendons of various 

animals (71). In its molecular structure, out of 18 amino acids glycine is one of the primary 

modulators of cell adhesion (71). Gelatin carries a negative charge at higher pH levels (around pH 

9) and a positive charge at lower pH levels (around pH 5). The isoelectric point for type A gelatin 

is typically near pH 9, while type B gelatin is around pH 5. As a protein-based biomaterial, gelatin 

offers several advantages, including excellent biocompatibility, water solubility, low 

immunogenicity, flexibility, adhesiveness, promotion of cell adhesion and growth, cost 

effectiveness, and the ability to form transparent gels under certain conditions (109). As a result, 

it has received considerable attention for use in pharmaceutical and medical applications (110). 

However, gelatin's rapid dissolution in aqueous environments limits its biomedical applications. 

To improve its stability against enzymatic degradation, researchers have applied physical or 

chemical cross-linking treatments (111). In the field of tissue engineering, submicron and 

nanometer gelatin fiber mats are widely used to mimic the ECM of human tissues and organs (71). 

In addition, electrospun gelatin and gelatin-based scaffolds have found applications in various 

biomedical fields, including bone regeneration, skin tissue engineering, nerve tissue engineering, 

cardiac tissue engineering, tubular scaffold fabrication, and drug delivery (110, 112–114). 
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1.3 Wound Dressings – State of the Art and Recent Trends 

Wound treatment aims to accelerate wound healing, minimize scarring, relieve pain and 

restore normal skin function (17). Historically, wounds were cleansed and treated with 

astringents or antimicrobial substances such as honey and resin and covered with plasters 

soaked in oil, grease, wine and vinegar (115). Until the mid-1900s, it was believed that wounds 

should be left uncovered to dry to promote faster healing, but this perspective shifted in the 1980s 

with the clinical acceptance of new dressings that supported a moist wound environment (116). 

Current treatments for impaired wound healing focus mainly on optimizing controllable healing 

factors such as clearing of infections, mechanical protection, and nutritional support. Only a few 

targeted approaches have been developed. These include the topical application of growth factor 

gel, which unfortunately have limited clinical efficacy (12). Nonetheless there exists and 

definition for a potential ideal wound dressing (Figure 14). It incorporates several requirements: 

a) be sterile, non-toxic and non-allergenic, b) the facilitation of gas exchange between the wound 

site and the surrounding environment, c) provide protection against bacterial infection, d) the 

ability to establish and maintain a moist wound environment, e) the ability to adsorb exudate f) 

not adhere to the wound surface to ensure easy removal after healing (117) 

 

Figure 14 - Schematic representation of the various functions of the ideal wound dressing. Based on (69) 

However, this definition is simplified as it does not account for all types of wound dressings, 

which can target different wound phases. For example, a wound dressing for debridement 

purposes in an early treatment stage needs to adhere firmly to the wound bed. This subchapter 

tries to list the treatment options available today and their respective advantages and 

disadvantages compared to new wound dressings design approaches. 

Semi-Permeable Film Dressings 

At first, dressings made from nylon derivatives with adhesive polyethylene frames were 

occlusive and unsuitable for wounds with exudate as they had limited absorption capacity and 

caused tissue maceration (118). The introduction of semi-permeable film dressings, composed 

of transparent polyurethane, enables water vapor and gas permeation, while at the same time 
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they effectively prevent bacterial penetration (119). As such, these dressings are suitable for low 

to mildly exudating wounds (4). These dressings are easy to use due to their elastic nature and 

allow wound inspection without needing to be removed (117). Another proposed benefit of semi-

permeable film dressings is the accumulation of healing mediators in wound fluid as it could be 

demonstrating that retained fluid from acute wounds covered by film dressings can stimulate 

keratinocyte proliferation in vitro (120). Examples of these dressings on the market include 

Opsite™, Tegaderm™, and Biooclusive™. 

Semi-Permeable Foam Dressings 

Semi-permeable foam dressings consist of a hydrophobic foam inner core and 

hydroconductive outer layers commonly made of polyurethane with blends of polyvinyl alcohol 

and silicone to adjust the surface hydrophilicity (121). The wound contacting hydrophilic layer 

allows wound fluid passage. The inner hydrophobic core is a highly absorbent porous structure 

which draws wound exudate into the pores while permitting gas exchange and water vapor 

transmission (118). In a clinical setting it is often combined with a semi-permeable film dressing 

to defend against bacterial infections and control the evaporation. As such they are suitable to 

treat moderate to highly exudating wounds (4). Foam dressings provide added cushioning owing 

to their soft physical nature and can be easily removed. Additionally, they are very economical in 

production. Disadvantages of using a foam dressing are that it requires frequent replacement, 

due to the limited capacity for wound exudate and it is not suitable for low-exudate wounds and 

dry wounds. Examples include Lyofoam™, Allevyn™, and Tielle™. 

Hydrogel Dressings 

Wound healing commercially available hydrogels are made from synthetic polymers like 

poly(methacrylate) and polyvinylpyrrolidone (PVP). They are hydrophilic and insoluble with a 

water content of 70-90 % and create a moist environment aiding granulation and reepithelization 

(118). Hydrogel dressings consist of both sheets and amorphous gels, which may share a polymer 

composition but differ significantly in their physical properties due to the higher crosslinking 

degree of sheets (122). Furthermore, the high hydration of hydrogel dressings limits the amount 

of exudate absorption. Nevertheless, autolytic debridement is closely related to moist 

surroundings, enabling spontaneous enzymatic reactions. Consequently, hydrogel dressings are 

established as the standard treatment for dry, necrotic and sloughy chronic wounds. Hydrogels 

also lower cutaneous wound temperature, offering a soothing effect, making them very suitable 

for burns (123). The softness of the material enables effortless application and safe removal once 

the wound has healed. Drawbacks include exudate accumulation causing maceration, bacterial 

proliferation and their low mechanical strength poses handling challenges (122). Notable 
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hydrogel examples include Intrasite™, Nu-gel™, Aquaform™ 

Hydrocolloid Dressings 

Hydrocolloid dressings consist of two layers: an inner hydrocolloidal layer and an outer 

water-impermeable layer as a flexible occlusive film and/or foam. These dressings combine gel-

forming agents (like polyvinyl alcohol, carboxymethylcellulose, gelatin, and pectin) with 

elastomers and adhesives (118). Hydrocolloids are capable of providing moisture to the wound 

since they form a gel after contact with the wound fluid (124). Hydrocolloids allow water vapor 

diffusion but block bacteria, debride, and absorb wound exudates. They suit lightly to moderately 

exudating wounds (117). Hydrocolloid dressings are notably occlusive, leading to a highly hypoxic 

wound environment. (125). Hypoxia in wounds is a critical factor driving chronic wound 

progression, but it is also linked to positive effects such as enhanced epithelialization and 

angiogenesis (120). Short changing intervals are mandatory. They are available as sheets or thin 

films, examples are Granuflex™, Comfeel™, and Tegasorb™.  

Alginate Dressings 

ALG dressings sometimes are counted among the hydrogel dressings. They consist of 

sodium and calcium salts, usually in an 80:20 ratio or solely calcium alginate salt, derived from 

brown seaweed (67). Upon contact with the wound, an ion exchange occurs between the calcium 

ions in the dressing and the sodium ions in the fluid. This leads to a gradual transformation of the 

calcium alginate to water-soluble sodium alginate leads to the formation of a gel (68).With an 

absorption capacity of 15 to 20 times their weight, they suit highly exuding wounds but can cause 

discomfort and tissue damage upon removal in wounds with minimal exudate due to their 

adhesive nature (124). Several research papers indicate diverse biological activity of ALG 

dressings, acting as hemostatic agents and pro-inflammatory factor. These effects are reviewed 

in the next subchapter of this thesis. ALG dressings are suitable for low to moderate drainage 

wounds, they are not recommended for dry wounds, due to painful removal (117). Secondary 

dressings are required to prevent wound dehydration delaying healing (67). Commercial options 

include Sorbsan™, Kaltostat™, and Algisite™. 

Xenografts, Allografts, Acellular Matrices 

Most common is still the treatment with non-active wound dressings, mostly films, foams 

and ALG based wound dressings. However, xeno and allografts are gaining interest in practice, 

this procedure is limited by the availability of donor skin, may be painful, time-consuming, and 

expensive (17). A review can be found here: Salloum et al. (126) 
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Another emerging interesting choice are acellular matrices, which can be derived from natural 

sources like animal tissues (porcine, equine) or human skin (cadaver), where the cells are 

removed, and pathogens are deactivated. Artificial matrices, consist of various animal-derived 

components such as collagen (types I, III, and V), elastin, and glycosaminoglycans. Most of these 

membranes and films have a monolithic structure of collagen. However, they do not mimic native 

dermis in its entirety and despite their known excellent biocompatibility, they have the major 

disadvantage that they degrade rapidly in vivo and do not supply the structural integrity necessary 

for the overall process of tissue regeneration. Covered in the review by Hussey et al. (127) 

Recent Trends in Wound Dressings Design – Use of Growth Factors, Biopolymers and 

Nanostructured Materials 

As discussed in chapter 1.1 GF levels dramatically affect the inflammatory, proliferative and 

epithelization phase of wound healing. Therefore, various topical formulations have been 

researched to deliver derivates of PDGF, FGF2 and EGF (128). PDGF was the first topically applied 

growth factor available; Regranex (becaplermin gel - a recombinant PDGF derivate) entered the 

market in 1997 for the treatment of pressure ulcers. However, a 20-month follow-up study 

showed an increased malignancy risk associated with becaplermin use (37). Although, there was 

no association with a particular type of malignancy, and all cancers were remote from the 

treatment site, it led to an announcement by the FDA in 2008, warning about the malignancy risk 

associated with Becaplermin. As a result, the product was withdrawn from the market in the EU. 

The same topical formulation of PDGF has been applied to venous ulcers although with minimal 

efficacy (129). Reasons for failed efficacy were attributed due to poor growth factor penetration 

into the wound (129). This is further complicated by the fact that growth factor application often 

requires daily treatment, which makes frequent dressing changes mandatory (37). Building on 

these efforts the use of TGF-β was researched as it was a promising therapy at that time, but 

notably failed to produce results such as shown with PDGF in clinical tests (130, 131). 

Additionally, excessive scarring was found to be a problem, since TGF-β guides differentiation of 

fibroblasts to myofibroblasts, which develop a contractile activity and secrete excessively ECM 

proteins, like collagen, but in a disordered manner (131, 37). Levels of FGF2 are decreased in 

chronic wounds as discussed in the subchapter Growth Factors. It has been shown that FGF2 

regulates the synthesis and deposition of various ECM components by fibroblasts, increases 

keratinocyte and fibroblast migration, and stimulates them to produce collagen (132). On the 

other hand, FGF2 may downregulate myofibroblast presence, reduces wound contraction and 

hence scarring (32). Therefore, FGF2 plays a role in granulation tissue formation, 

reepithelialization, and tissue remodeling (132). In addition, FGF2 is not only a mitogen for many 
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types of cells, but also a potent factor in angiogenesis, which may have a positive impact on 

revascularization of chronic wounds (31). Since 2001 a FGF2 spray (Fiblast® Spray) is available 

and showed wholly positive outcomes in (rather small) clinical studies (133, 134). This 

formulation was recently further developed into FGF2 impregnated gelatin sheets, to prolong the 

efficacy (133, 135). This is following the general trend in wound dressing research to incorporate 

the growth factors directly in the wound dressing to control the release and mitigate wound 

dressing changes (Figure 15). Several studies exist of FGF2 releasing dressings (136–139). 

However, to date none of these developments entered clinical testing for approval.  

A notable development in wound dressing design is the application of hydrogels, which through 

the changes in crosslinking and/or porosity can easily be tuned to deliver growth factors to the 

wound (140). An extensive review on bioactive hydrogel dressings on the basis of natural and 

synthetic polymers can be found here: Yuan et al. (69). Similarly, ALG wound dressings are 

extensively researched to harness the biocompatible nature of biopolymers and their derivatives, 

based on the positive results of ALG dressings achieve in the clinical world. The main advantage 

of natural polymers over synthetic polymers is that they more closely mimic the original cellular 

environment and ECM. Increasingly popular is the development of CHI-based wound dressings, 

often in combination with ALG, to exploit their anti-bacterial effect (96, 141–145). From its use in 

cosmetics as a filler and moisturizing agent, HA is also slowly acknowledged as a wound-healing 

polymer and used in combination with ALG (68, 146). A review about HA applications in wound 

healing can be found here: Fakhari et. al. (147). Other popular biopolymers for wound dressing 

applications are fibrin (148), cellulose (149) and collagen/gelatin (137). Although, several 

drawbacks may limit their wider application; most of these natural polymers are subject to 

degradation processes in conjunction with poor stability and mechanical performance (150). 

However, various chemical synthesis and/or processing modifications may be performed in order 

to overcome some of these disadvantages (150). Gaining popularity are also wound dressing 

designs based on nano-structured fibers prepared by electrospinning (151). These nanofibers can 

control and guide the wound healing process by integrating controlled release strategies within 

scaffold materials. nanostructured drug delivery systems (152). The fiber diameter and/or 

porosity of a scaffold can be optimized for fibroblast and keratinocyte adhesion, growth and 

migration since they are mimicking topographical features of the ECM (153, 113). Through various 

electrospinning techniques, such as blending, specific or nonspecific surface modifications, 

coaxial electrospinning, emulsion electrospinning, and combination of electrospinning with 

other conventional techniques, GFs, like VEGF, FGF2 and PDGF can be loaded (154, 138). A 

detailed review on the developments of this field can be found here: Liu et. al. (114). Electrospun 

based dressings try to combine the advantages found in foam dressings and acellular matrices, 
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most importantly a large surface area, nanofibrous structure and adjustable porosity. However, 

they also possess some of their drawbacks, e.g. susceptibility to bacterial colonization and 

degradation, due their large surface area (155). 

 

Figure 15  -Various technologies have recently been proposed for the controlled release of GFs from advanced wound 
dressings. Single or multiple GFs can be loaded into different polymeric matrix structures using suitable methods. 
(panel below). These methods include direct blending into the entire polymeric matrix, creating core-shell structures, 
covalently conjugating them to the scaffold's surface, entrapping them within drug carriers within the scaffolds, and 
combining these techniques. The ultimate objective is to mimic the essential wound microenvironment necessary for 
effective tissue regeneration by achieving the precise spatiotemporal release of bioactive molecules. Based on (156) 

Wound treatment using exogenous GFs can have significant beneficial effects, although topically 

administered growth factors show somewhat limited efficacy (7). Exogenous GFs for the 

treatment of wounds rapidly diffuse and are readily digested or deactivated by proteases in the 

hostile, often microbially colonized environment of chronic wounds (37). Additionally, GFs show 

low permeation through the outermost skin layer surrounding the lesion and rapid elimination by 

exudation from the wound bed (129). Most GFs used in wound therapy act on cells producing 

ECM, these cells need to be present and susceptible to growth stimuli, hence the inflammation 

phase needs to be resolved. Therefore, exogenous added GFs are strictly dependent on their 
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correct distribution within the wound in time and place dimension (156). Consequently, high 

doses and/or repeated administration over an extended period are required to support and 

sustain tissue regeneration, leading to supra-physiological exposure to GFs which can lead to 

side effects (157). In particular, care needs to be taken when using pro-angiogenic factors as they 

can perpetuate oncogenesis (156). Finally, in an environment where so many factors are deficient 

and dysregulated, simply treating one growth factor deficiency is unable to heal chronic wounds, 

however regulatory complexities hinder synergistic application of growth factors. Alternatively, it 

is also likely that a ‘‘master regulator’’ of wound healing has yet to be identified (17, 156). 

1.4 The Layer-by-Layer Technology - from Surface Modification to 3d-

Applications 

The layer-by-layer (LbL) technique is a method of building up films by alternating between 

layers of positively and negatively charged materials. It was rediscovered by Decher et al. in 1992 

(158), although the origins of the LbL technique can be traced back to 1966 by Iler et al. (159), 

which unfortunately, did not receive much attention at the time. The LbL technique allows the 

incorporation of an extensive range of building blocks such as polyelectrolyte polymers, 

peptides, carbon nanotubes, clays, dyes, metal oxides and components including particles, 

proteins, enzymes, viruses and nucleic acids into the multilayer films to add new functionalities 

and capabilities (160, 161). Nowadays, the LbL technology has emerged as an exponential 

growing innovation field, offering a multitude of unique properties. It facilitates the precise 

deposition of uniform films with controlled thickness (162). The LbL technique possesses 

exceptional loading capabilities, enabling the controlled release of biomolecules and drugs of 

diverse compositions (163, 164). These coatings exhibit remarkable stability when subjected to 

physiological conditions (165). As a result of these attributes, the LbL approach has rapidly 

ascended to become an important method for crafting film coatings on a variety of biomedical 

substrates (166). This encompasses (patterned) surfaces, medical devices and implants (161). 

At the same time, the concept of constructing multilayer capsules has emerged, holding great 

promise as nano- and micro-carriers geared towards innovative drug delivery applications (163). 

The underlying mechanisms to form polyelectrolyte multilayers (PEMs) involve several types of 

interactions, including electrostatic and non-electrostatic forces. These interactions include 

short-range effects such as hydrophobicity, hydrogen bonding, van der Waals forces. Therefore, 

the composition of PEM is dependent on the properties of the polyelectrolytes themselves (e.g. 

structure, charge density and chain stiffness) (167). However, they can be further fine-tuned by 

manipulating factors such as pH and salt concentration to modulate protonation states and the 

availability of charged groups as well as adjusting temperature to enhance molecular mobility of 
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the surrounding medium (168). For some PEMs charge transfer halogen interactions and 

potentially covalent bonds formed by click chemistry are also observable (169). In addition, the 

multilayer formation is not only driven by electrostatic forces, but also by the increase in entropy 

resulting from the release of counterions (169). 

Technological Developments - Dipping, Spinning, Spraying 

Layer by layer assembly has gone through several developments. Initially, LbL assemblies 

were produced by manual dipping or immersion. For coatings on small surfaces in lab scale the 

manual change of the polyelectrolytes and washing in between can be done in well plates, by 

pipetting back and forth the different solutions. Similarly, particulate material, even cells, can be 

coated (170). Although, there is the need of skimming or centrifugation after each deposition or 

washing step. The typical immersion time for each deposition step varies from 1 min to about 15 

min (160). This incubation time dependents on the mobility of the polyelectrolytes used, as for 

particles or colloids very short times can be used while for polymers a time of at least 12 min is 

recommended (171). One of the benefits of this method is the ability to coat substrates that have 

more complex geometries (167). Nevertheless, the automation of dipping was developed to ease 

the preparation which enable the construction of new LbL based designs like FSFs in 2005 (172). 

Although there are several attempts to lower assembly time; by agitation, which increases the 

probability of aligning a polymer on the last layer and therefore reducing the incubation time or by 

using alternating polar and nonpolar solvents to accelerate dewetting, removing the need for 

rinsing in between the deposition steps (173). The incubation time for each immersion step is 

what stands in the way of a high-throughput/large scale application of the dipping technique 

(173). Additionally, the high volumes of polyelectrolytes which are necessary in dip coating 

renders the use of complex polyelectrolytes (e.g. nanoparticles, liposomes etc.) commercially 

unviable (160).  

In 2001, Schlenoff and colleagues described the production of PEMs by using spray deposition 

onto a substrate for the first time (174). The study showed that these sprayed films had 

comparable composition and thickness to a film produced by traditional immersion deposition. 

Unfortunately, this initial technique was not explored further for larger areas. Izquierdo and 

colleagues in 2005 discovered that even with spraying times as brief as 3 seconds, the resulting 

films exhibit remarkable uniformity (173). When considering equivalent contact durations 

between the polyelectrolyte solutions and the surfaces, spraying consistently generates thinner 

and smoother films than the dipping method (173). By eliminating the washing step, it was also 

discovered that the film thickness increases without affecting the film quality (175). Furthermore, 

Spray coating enables the construction of merged or granule systems by the simultaneous 
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spraying (176). However, the layered nature gets lost (177). The automatization of the spray 

coating process leads to higher bilayer numbers and is more economical compared to dip coating 

regarding the needed volumes.  

 

 

Figure 16 - Most common used layer-by-layer techniques. Modified, original by (160) 

Besides dipping and spraying deposition there exists several other unconventional or quasi LbL 

assembly techniques. Importance gained the micro-fluidic based approach, which enabled the 

production of coatings with biochemical or physical gradients (178, 179). Another solution to 

introduce gradients or mixed assemblies is the inkjet assembly which works by a piezo induced 

vaporization of small liquid droplets (180). Due to the movement of the print head and the 

targeted deposition, small grids with varying deposition in the µm-range can be achieved (181). 

There is an excellent review by Richardson et al. (160) covering all unconventional LbL assembly 

techniques. 
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Layer-by-Layer Based Free-Standing Films 

As a result of its modularity, a multitude of application of the LbL technique has seen the 

light. One of the more recent is the research of FSFs. First developed by Lavalle et al. in 2005 it is 

based on the automatization of layer-by-layer preparation to achieve a significant number of 

bilayers. FSF were produced with at least of 15 bilayers, as a minimum of stability is needed for 

the handling of the films. The simplest approach to removing the deposited PEM stack from the 

underlying substrate is direct peeling (182). However, it is known that is difficult to control the 

peelability of the film using this method, which might result in structural imperfections and 

compromised mechanical strength, making it unsuitable for large scale manufacturing 

requirements. This method is only possible with the right choice of substrate which enables initial 

deposition, but also allow the easy removal of the films. For example, for CHI/ALG films 

polystyrene (PS), polypropylene (PP), polyvinylchlord (PVC) and polytetrafluoroethylene (PTFE) 

surfaces were successfully used (183, 184, 98, 185). Additionally, it is advisable to remove 

mechanically robust films in polar solvents, which induces film swelling and therefore reduces 

strain disparities (186). As an advancement, sacrificial layers, which allow the release of a build-

up film from the substrate were developed based on switches like pH changes (187, 188), 

enzymatic cleavage (189), light-induced disassembly (190) ion exchange (191), temperature 

responsive (192) and the dissolution of CaCo3 (193).  

Although the research field covering LbL-based FSF is to date a rather small part of general LbL-

research several interesting applications and modifications for FSF have been developed in 

recent years due to their modular construction. A key focus is the use of FSFs in tissue engineering 

applications. However, the use of common biopolymers leads to quite hydrophilic and soft 

surface, which limits cell adhesions (194, 192). This was in part addressed using adhesive 

polymers in the final layers (195). In a further development micro-patterning was used to 

influence cell adhesion and differentiation (196–198). FSF were also characterized as drug 

delivery system, for cancer or anti-bacterial drugs (199, 200). Loading of GFs into polyelectrolyte 

multilayers made of polysaccharides has been shown for EGF (201). It was also found that such 

multilayer systems are not only preserving but also enhancing activity of GFs due to juxtacrine 

presentation to their corresponding cell receptors (202). Off the medical uses there is also 

research on FSFs as nanofiltration (203) or gas separation membranes (204). Additionally, FSFs 

were developed with ultra hydrophobic surfaces for anti-fouling use (205), shape memory for 

mechanical actuators (184, 206) and the incorporation of sensing capabilities (207). 

  



Research Aim 

45 

Research Aim 

While it is widely recognized that chronic wounds are associated with persistent 

inflammation, there is a lack of emphasis on addressing inflammation and providing a 

regenerative environment, while fighting bacterial colonization in traditional wound dressing 

design. Therefore, this thesis focusses on advancing the understanding of the anti-inflammatory 

potential of GAGs and their utilization to construct and evaluate innovative wound dressings 

based on free-standing multilayer films and composites with the common goal of promoting 

wound healing and modulating the inflammatory response.  

The research investigates the inflammatory response of macrophages growing on surfaces 

modified with HA and heparin. A primary focus is on whether macrophages can uptake the GAGs 

and, consequently, how these uptaken or associated GAGs modulate the NF-κB-pathway and 

pro-inflammatory cytokine release of macrophages. The next phase evaluates the regenerative 

potential of CHI/ALG FSF loaded with FGF2, emphasizing on wound dressing related physical 

properties, antibacterial effects, and their ability to enhance fibroblast growth and migration. 

Special attention is given to the in-vivo reaction towards these novel FSF in mice. In the ultimate 

step the study explores how FSFs can be further modified to combine the regenerative and 

inflammatory potential. Here a novel composite consisting of an electrospun gelatin fleece and 

a CHI/HA/ALG FSF is tested, to determine whether it can improve adhesion and growth of 

fibroblasts, while reducing the inflammatory cytokine release of macrophages. The findings are 

presented herein. 
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Chapter 2 - Study on the potential mechanism of anti-inflamma-

tory activity of covalently immobilized hyaluronan and heparin 
Here the anti-inflammatory mechanisms of GAGs, focusing on the NF-κB signaling pathway 

is explored. Two GAGs, heparin and HA were selected for this study which were known to mo-

dulate inflammation prior (92, 76, 81). However, the direct interaction of macrophages with sur-

face attached GAGs was not tested before. Using EDC/NHS cross-linking chemistry, we cova-

lently immobilized HA and Hep onto amino-terminated surfaces, to produce SAMs. Physico-

chemical evaluations, such as atomic force microscopy (AFM), water contact angle (WCA), and 

zeta potential (ZP) measurements, confirm the successful GAG immobilization onto to the 

amino-terminated control surfaces. Both surfaces are more hydrophilic compared to the control. 

Moreover, the high content of sulfate monoesters and sulfamido groups in Hep results in the high-

est in wettability and negative surface charge. Biological studies were conducted with THP-1 

derived macrophages. LPS was used as stimulator to induce an M1-like state of the macrophages 

and simulate the recognition of PAMPs. The number of adhered macrophages, their spreading 

and fusion to form multi-nucleated giant cells were of interest, as a marker of inflammatory 

potential of material surfaces. HA-modified surfaces with their hydrophilicity and steric repulsive 

effects of HA express a slightly higher reduction of initial macrophage adhesion and spreading 

compared to Hep-modified surfaces but there is no difference in the macrophage fusion between 

both. Additionally, we measured the release of the pro-inflammatory IL-1β cytokine under stimu-

lation with LPS, which is reduced in macrophages on both GAG-modified surfaces. To reveal the 

underlying anti-inflammatory mechanism of GAGs acting on macrophages, we measured the up-

take of fluorescein isothiocyanate (FITC)-labelled GAGs and their effect on the NF-κB signaling 

pathway. Both GAGs demonstrate the ability to either associate with or internalize GAGs labelled 

with FITC as verified by confocal laser scanning microscopy (CLSM) and flow cytometry. As a re-

sult, we found decreased NF-κB levels in whole cell lysates of macrophages by immunoblotting 

of activated (phosphorylated) p65. Additionally, immunofluorescence (IF) staining of the p65 sub-

unit exposed the translocation of p65 from the cytoplasm to the nucleus. Results show that Hep 

has a stronger inhibiting effect on p65 translocation to the nucleus compared to HA. In 

conclusion, our findings suggest that the potential anti-inflammatory effect of GAGs is not solely 

attributed to their cell repulsive hydrophilic and anionic nature but also involves their inhibition 

of the NF-κB signaling pathway. These insights contribute to a better understanding of the inter-

actions between GAGs and inflammatory responses and laid the basis for the investigations of 

multilayer films in the following chapters.  
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Chapter 3 - Studies on the Mechanisms of Anti-Inflammatory 

Activity of Heparin- and Hyaluronan-Containing Multilayer 

Coatings—Targeting NF-κB Signalling Pathway 

In this chapter, the focus lays on the potential increase of anti-inflammatory properties by 

using the LbL technique instead of covalent attachment to the surface. We hypothesized that the 

concentration and availability of GAGs to interact with macrophages is increased. The PEMs were 

created by alternatingly adsorbing polyanions of either HA or Hep in conjunction with the 

polycation CHI on top of a primary layer of poly(ethylene imine) (PEI). As a result, we suspected a 

higher amount of GAGs present, which are also not as strongly bonded as the SAM-based 

covalent approach described in the previous chapter. Again, the macrophage response and 

potential mechanism of anti-inflammatory effects of HA and Hep on the NF-κB signaling pathway 

was of interest. To assess the surface properties associated with the physical adsorption of 

GAGs, we performed physicochemical studies on wettability, thickness, and topography of the 

PEM. The results indicated a significant increase in thickness and hydrophilicity upon multilayer 

formation compared to the control PEI and the covalent-bound monolayer samples of previous 

chapter. Scanning electron microscopy (SEM) and AFM analysis revealed complete surface 

coverage by the PEMs. THP-1 derived macrophages adhesion, fusion, and IL-1β production on 

GAG-modified samples were used to study the inflammatory reaction to the surface coatings. 

The results show a substantial reduction in macrophage inflammatory responses compared to 

the control samples. Most importantly, we observed an inhibitory effect on the translocation of 

p65 into the nucleus and lower expression profiles of NF-κB western blots in macrophages on the 

GAG-PEMs in comparison to the control PEI samples. Moreover, the macrophages exhibit the 

ability to associate with and uptake FITC-labeled GAGs. Interestingly, the Hep-based PEM 

demonstrates the most significant inhibitory effects on both macrophage inflammatory 

responses and the NF-κB pathway. Indeed, the GAG multilayers display a higher anti-

inflammatory activity than the covalent-bound monolayers. Especially, IL-Iβ release was 

significantly reduced compared to the covalent monolayers. This is not only rooted in the more 

hydrophilic nature of the multilayers. From the quantification of the flow cytometry data, it is 

evident that macrophages can take up higher GAG amounts from the multilayer as the 

macrophages with verifiable uptake of GAGs was more than threefold. The multilayers provide 

more amounts of GAGs which can be uptaken by cell surface receptors by the macrophages.  
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Chapter 4 - Free-standing multilayer films as growth factor 

reservoirs for future wound dressing applications 

In this study a novel application for the LbL technique was explored. Widely researched as 

implant coating, the development of multilayered FSFs based on the LbL-technique gained 

traction in recent years. Building on this expertise, we created FSFs using the LbL method with 

CHI and ALG as polyelectrolytes and investigated, as novelty, the suitability of free-standing 

multilayer films as a wound dressing for chronic wounds. To improve wound healing prowess, we 

explored the potential of CHI/ALG FSFs as reservoirs for growth factors (FGF2 as mitogenic model 

GF) with controlled release, previously only investigated for thin LbL coatings. Finally, for the first-

time biocompatibility was tested in vivo for said films. The production of our FSFs demanded a 

leap in the construction technique compared to previous study. We adapted an automatic dip 

coating process to allow the construction of free-standing films with a hundred bilayers of CHI 

and ALG, which is not feasible by a manual process, which take 30 min per bilayer to produce. 

The result are easily detachable films of approximately 450 μm thickness, produced in about 24 

h. Two chemical crosslinking techniques using either EDC/NHS (E-FSF) or genipin (G-FSF) were 

compared to the non-crosslinked FSF (N-FSF). Crosslinking reduces swelling and oxygen 

permeability for both crosslinked films compared to non-crosslinked films. However, the 

crosslinking allows the controlled release of FGF2 encapsulated within the film. This increases 

the GF efficacy in vivo as the application of GFs is often compromised by swift inactivation within 

the hostile wound microenvironment. In biocompatibility studies in vitro with human dermal 

fibroblasts cultured underneath the films we found that all films, with and without FGF2, lead to 

more cell growth and migration. Especially G-FSF loaded with FGF2 greatly increases cell 

proliferation and migration. Meanwhile, E-FSF causes an inflammatory tissue response in vivo 

after subcutaneous implantation in mice that is absent in the case of G-FSF. N-FSF is also 

biocompatible but shows early degradation in vivo. In conclusion, FSF made from a combination 

of ALG and CHI and crosslinked with genipin have the potential to control the release FGF2. These 

films are well-tolerated by fibroblasts in vivo and when implanted in mice. Notably, all FSFs, 

crosslinked or not, support cell growth and migration but also possesses antibacterial properties. 

This makes LbL based free-standing films a promising option for wound care applications. 
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Chapter 5 - Design of a composite wound dressing: Combining 

an electrospun fleece with a free-standing multilayer film 

This chapter builds on the cumulative insights gained from the previous studies. Previous 

we concluded that FSFs can be used as reservoirs for growth factors and have generally very 

suitable characteristics for the use as wound dressings. Additionally, LbL assemblies can 

modulate inflammation using HA and Hep. However, cell adhesion directly on multilayered FSFs 

is rather poor, due to their very hydrophilic and soft nature. This time we hypothesized that a 

combination of a FSF with an electrospun fleece could improve cell adhesion and cell growth 

facilitated by the electrospun scaffold and modulate inflammation by the addition of HA to the 

multilayers. However, this novel approach introduces a fresh set of technical challenges, 

specifically the preservation of the (nano)-structure of the electrospun fleece while ensuring that 

the multilayer film covers only one side. To overcome this challenge, we adopted a spray coating 

technique to enable the asymmetric construction of the composite, allowing us to successfully 

integrate the two components. The spray coating also allowed the utilization of HA as building 

block, since HA leads to thin and poorly detachable films in the dipping process. Nonetheless, 

for the bulk of the layers ALG was used to harness the fast buildup of CHI/ALG layers, which are 

intended to function as a swelling and protection layer. Finally, the layer buildup time was 

reduced to 4 hours for 150 bilayers compared to 24 hours for 100 bilayers in the prior dip coating 

study through optimization of the process. The resulting composite has a final thickness of 

approximately 1 mm. The gelatin fleece, used as the substrate, underwent partial crosslinking 

through exposure to formaldehyde vapor before spray coating, as uncrosslinked gelatin fleece is 

not stable enough to allow the water-based layer-by-layer process on top. Validated through 

electron scanning microscopy, confocal microscopy, profilometry, and nano-tomography the 

nano-topography of the fleece was successfully preserved. To assess biocompatibility, we 

conducted cell proliferation experiments using human dermal fibroblasts and THP-1 derived 

macrophages. These experiments, supported by immunohistochemical staining and a pro/anti-

inflammatory cytokine assay, demonstrate the non-cytotoxic nature and in vitro biocompatibility 

of the composite. The electrospun fleece fibers serve as a robust scaffold, notably enhancing cell 

adhesion and proliferation. Meanwhile, the modular architecture of the multilayered FSF, 

coupled with genipin crosslinking, offers the ability to finely modulate the anti-inflammatory 

response through HA. In summary, these findings position the composite as a promising 

cornerstone for the development of an innovative wound dressing solution. 
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Chapter 6 - Conclusion and Outlook 

In this thesis, different techniques of surface modification, preparation of FSFs, and 

composites were investigated with the common aim of immune modulation and wound healing. 

The results show that the anti-inflammatory properties of GAGs are not only based on making 

GAG modified samples more hydrophilic and anionic, HA and Hep have a direct anti-

inflammatory effect by their ability to act on the NF-κB pathway, mitigating the inflammation and 

modulating macrophages. By establishing novel LbL-based biomaterials, it was demonstrated 

that the anti-inflammatory properties of GAGs and the mitogenic effect of FGF2 can be exploited 

to control the inflammatory process and accelerate wound closure in vitro. Finally, the 

combination of electrospun nanofibers and a FSF further enhanced the wound healing ability by 

providing a scaffold for cell adhesion and cell growth. 

In detail, in the first and second study, different immobilization techniques were used to coat 

surfaces with GAGs: covalent binding to SAMs and the LbL technique. Both GAG surface coatings 

modulate macrophage activation, not only due their surface characteristics, but by the direct 

interaction of GAG-molecules with the macrophages. Especially, heparin multilayers allow a high 

uptake of Hep molecules into the cells; cell fusion, IL-1β-release and NF-κB activation was at a 

minimum. Covalent Hep surfaces control foreign body giant cell (FBGC)-formation, inhibit NF-κB 

and allow endocytosis at an inferior level compared to the Hep multilayers. Both findings affirm 

various studies on the NF-κB inhibition by Hep after endocytosis and extend its validity to the 

proposed Hep surface modifications (92). Interestingly, covalently attached HA is superior 

regarding anti-inflammatory activity in comparison to HA multilayers and covalent bound Hep, 

while being lower to the Hep multilayers. Covalent HA surfaces reduce macrophage adhesion, 

most likely due to their highest hydrophilicity, but lack control over fusion and NF-κB activation. 

The pathway of NF-κB inhibition by CD44 crosslinking with soluble HMW-HA does not directly 

apply to HA surfaces due to endocytosis of HA found in the cells, regardless of immobilization 

technique. This endocytosis cannot be distinguished to take place by the mediation of CD44 after 

crosslinking or TLR-receptors in this study, due to limitations of used method. When comparing 

both immobilization techniques, it is noteworthy that LbL surfaces exhibit a higher uptake of 

GAGs by macrophages. This enhanced uptake is attributed to the reorganization of layers and the 

limited diffusion out of the layers, making GAGs more accessible to macrophages (208). 

However, it is essential to recognize that each immobilization method offers unique advantages. 

Covalent immobilization stands out for its stability in long-term in vivo applications, while the LbL-

technique, is more versatile and does not necessitate prior surface activation. 

The versatility/modularity of the LbL-technique was further utilized in the third study to prepare 
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CHI/ALG FSF based on automatic dip coating, measuring about 500 µm in thickness. These films 

were tested with application as a wound dressing for chronic wounds in scope. In some regards 

they showed similarities to hydrogel based wound dressings, e.g. they exhibited excellent oxygen 

permeability and swelling capabilities to uptake wound exudate. With the incorporation of CHI as 

building block of the film, antibacterial properties against both gram-positive and gram-negative 

bacteria were achieved, making the addition of silver or antibiotics superfluous. In vitro and in 

vivo investigations, revealed the excellent biocompatibility of these CHI/ALG multilayer films, 

highlighting their ability to stimulate fibroblast migration and growth – a critical aspect of wound 

healing. With the two crosslinking methods tested (EDC/NHS and genipin) the stability increases 

and the FSFs can be turned in a FGF2 controlled release system, further increasing cell 

proliferation and migration. Although, FGF2-loaded genipin crosslinked FSF show superior cell 

proliferation and migration the uncrosslinked and EDC/NHS-crosslinked films were not far 

behind in most assays. However, the in vivo subcutaneous implantation in mice, revealed N-FSF, 

while biocompatible, displays early degradation. Although, the degradation mode is different in 

wounds than in subcutaneous implantation it underlines the necessity to crosslink such ALG/CHI 

FSF to ensure the function as a wound dressing and to allow controlled release of FGF2. 

Meanwhile, E-FSF, although considered a zero-length crosslinker, triggers a pro-inflammatory 

response in vivo. This was not apparent in vitro. Possibly degradation processes in vivo lead to 

this divergent result. Here further investigations could be fruitful. Nonetheless, genipin 

crosslinked FSF provide swelling capabilities useful for uptake of wound exudate, control of the 

release of mitogenic FGF2, show high biocompatibility both in vitro and in vivo, stimulate 

fibroblast growth and migration, while incorporating an anti-bacterial effect. In short, they 

possess properties which could boost the regeneration of chronic wounds, making them a 

compelling concept for bioactive wound management. 

For the last study, the LbL technique was extended even further by going from an automatic dip 

coating to a custom spray coating process significantly reducing production time, while 

efficiently adding a multilayer system on top of an electrospun fleece. This innovation resulted in 

a novel composite which provides nano-topography, while the FSF part shows excellent swelling 

properties. Using HA and CHI as bioactive components in the film part, anti-inflammatory, anti-

bacterial, and wound healing capabilities are introduced. Moreover, the composite greatly 

improves cell adhesion and growth of fibroblasts, which is novel for FSFs, as they typically lack 

topography, have low stiffness and high hydrophilicity. The fleece part serves as a scaffold to 

enable fibroblast migration and adhesion, while the modular design of the FSF part allows control 

and tuning of key properties, specially, stability and swelling, which are necessary for the design 

of chronic wound dressings. Genipin crosslinking of the composite further enhances the 
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composites bioactive properties, while there is no significant difference in the inflammatory 

response. In conclusion our study presents for the first time a successful combination of a nano 

fleece with a free-standing multilayer film for wound healing applications. This composite could 

be the starting point of a novel wound dressing, combining advantages of foam, film and hydrogel 

wound dressings. In the future, the FSF part could be used to incorporate a controlled release 

system, similar to the one in chapter 4, while keeping it properties to allow gaseous exchange, 

protect against bacterial colonization and allow the uptake of wound exudate.  

Based on the findings of above studies we can conclude that LbL based FSFs can address the 

multimodal requirements to foster wound healing; controlling the inflammation, fight bacterial 

colonization and stimulating proliferation. This can be achieved by macrophage modulation 

through GAGs, the antibacterial effect of CHI and the supplementation of mitogenic GFs like 

FGF2. LbL based FSFs or derived composites are a completely innovative approach for the 

development of novel bioactive wound dressings that support regeneration of dermis as a 

prerequisite for the promotion of granulation tissue and re-epithelization of wounds. While these 

results already show great promise, the system can be further enhanced. Optimizing the release 

profile could be achieved by incorporating the growth factor during layer assembly, allowing it to 

function as a layer-building polyelectrolyte itself. This method could also enable the combination 

of multiple cytokines, released sequentially. However, for cargo lacking polyelectrolyte 

properties or non-water-soluble drugs, a drug carrier is required. Encapsulation in microgels, 

charged nanoparticles, or liposomes, followed by their addition to an LbL assembly, could be a 

promising approach. To finetune the release profile, the close simulation of chronic wounds 

would be of high value. Unfortunately, no established in vitro simulation of degradation in context 

of chronic wounds is available.  

The future development of multilayered FSFs holds significant potential. Here several 

technologies wait to be combined and applied to fine-tune these constructs for a wide range of 

clinical needs. Nevertheless, while the advantages of FSFs are well-established at the laboratory 

scale, their economic viability remains limited due to high production costs, challenging storage 

conditions, and stringent regulatory requirements. In a recent GoBio-Initial translation project we 

explored the feasibility of producing larger FSFs or composites (209). By using a novel semi-

continuous spray coating assembly some shortcomings of conventional spray processes could 

be addressed (Figure 17). 
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Figure 17 - A) from left to right: 1) Concept of an automatic semi-continuous spray coater, using air knives to separate 
the polyelectrolyte deposition. 2) CAD drawing of a spray coater based on this concept. 3) Realized spray coater B) 1) 
HA/CHI 100 bilayer free-standing multilayer film peeled from polypropylene substrate after air drying. 2) SEM image, 
showing salt deposition on an otherwise smooth surface of said film. Scale bar 10µm 4) HA/CHI 100 bilayer free-
standing multilayer film deposited on a collagen membrane. 5) SEM image of film on top decellularized collagen 
membrane, showing bridging of the fibers scale bar= 20µm 

This process utilizes air knives to expedite the drying phase and more accurately control the layer 

buildup of FSFs by removing undesirable bulk formation. It can produce smooth 80 cm x 20 cm 

> 100 bilayer FSFs in a matter of minutes. The continuous production can help multilayer FSFs to 

overcome their reputation of uneconomical production costs, opening new perspectives for 

research and medical applications. For instance, continuous production could lead to the 

construction of an inline high-throughput system for analyzing optimal layer build-up parameters 

to better understand layer growth processes. This could lead in the short term to an optimization 

of the process technology, allowing the verification of simulation models and in the long term lay 

the basis for quality control in a regulatory environment (210). In combination with masked 

plasma discharge, which renders a hydrophobic substrate locally hydrophilic, the x/y dimensions 

of subsequent LbL buildup could be highly controlled (211). In that way, FSF in different shapes 

for wound dressing application could be produced in line, or micrometer sized FSFs as drug 

carriers in bulk rapidly produced. Given that spray coating can be costly for low-volume drugs 

with high material costs, the combination of spray coating with inkjet-based LbL deposition or 

inkjet-based drug loading is also of significant interest. It offers precise control over the x/y axis 

of FSFs, with inkjet technology allowing exact deposition at a picoliter scale. Some inkjet LbL 

assemblies have been proposed but not in combination with multilayered FSFs (212, 213). Newer 

wide format inkjet arrangements could allow the combination with continuous spray coating, 

further increasing the economic potential of FSFs (214).  
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In conclusion, this thesis highlights the potent anti-inflammatory properties of HA and Hep based 

PEM and SAM-based coatings. Furthermore, it underscores the immense opportunities free-

standing multilayer films provide, especially for wound dressing design. These go beyond merely 

covering wounds; they have the potential to actively participate in tissue regeneration, facilitating 

complete skin regeneration while reducing scar formation. These unique advantages make them 

appealing platforms for the future treatment of chronic wounds. Their adaptability to combine 

controlled delivery of growth factors, antibacterial properties of the building blocks and the 

introduction of nanostructures can significantly contribute to improving human health.  
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